Abstract-The scintillation anisotropy effect for proton recoil events has been investigated in five pure organic crystalline materials: anthracene, trans-stilbene, p-terphenyl, bibenzyl, and diphenylacetylene. These measurements include characterization of the scintillation response for one hemisphere of proton recoil directions in each crystal. In addition to standard measurements of the total light output and pulse shape at each angle, the prompt and delayed light anisotropies are analyzed, allowing for investigation of the singlet and triplet molecular excitation behaviors independently. This work provides new quantitative and qualitative observations that make progress toward understanding the physical mechanisms behind the scintillation anisotropy. These measurements show that the relationship between the prompt and delayed light anisotropies is correlated with crystal structure, as it changes between the pi-stacked crystal structure materials (anthracene and p-terphenyl) and the herringbone crystal structure materials (stilbene, bibenzyl, and diphenylacetylene). The observations are consistent with a model in which there are preferred directions of kinetic processes for the molecular excitations. These processes and the impact of their directional dependencies on the scintillation anisotropy are discussed.
NOMENCLATURE
∆ 1 ,∆ 2 Step sizes in number of samples for defining prompt and delayed regions in a raw pulse i p Sub-sample position at which pulse amplitude exceeds 50% of its maximum
Pulse sample amplitude in digitizer channel units (φ, θ)
Proton recoil direction in spherical coordinates O RGANIC single crystals are promising materials as ionizing radiation detectors, especially when characterizing mixed radiation fields. Their rich hydrogen content makes it possible to detect both fast neutrons and gamma-rays, between which they can discriminate using pulse shape discrimination (PSD). While these materials have been available for decades, recent advancements in methods for growing organic single crystals from solution processing have produced large-scale crystalline materials (on the order of 10 cm in each dimension) with superior scintillation properties [1, 2] , igniting renewed interest in their use.
PSD is possible due to the fact that the light emission generated in response to interactions from different particle types varies in its time distribution [3, 4] . The energy resolution and PSD performance varies across organic scintillator materials [5, 6] , largely due to differences in their structure and material properties. Recently, the trans isomer of stilbene has become a favorite as its production via solution processing produces crystals with superior PSD performance [1] . Stilbene is also preferred in many applications as an alternative to organic liquid scintillators, which have practical challenges including leaking, expansion with temperature, and oxidation.
In many crystalline organic scintillator materials, the light output response varies with heavy charged particle interaction direction. This scintillation anisotropy effect was first observed with alpha particles [7, 8, 9, 10] and later with proton [11, 12, 13] and carbon recoils [14, 15] generated by neutron interactions. In a neutron detection event, the total amount of light emitted and the time distribution of the light emission have been observed to vary with the direction of the proton recoil following the neutron-proton scatter interaction. The directional effect under discussion here is experimentally independent of and distinct from any anisotropy in the direction of scintillation light emission. For many applications in which the proton recoil direction is unknown, this effect degrades the light output resolution and PSD performance.
The following is a summary of the current state of understanding surrounding the scintillation anisotropy effect; a more detailed discussion can be found in [16] :
• The magnitude of the anisotropy varies with heavy charged particle energy [7, 9, 12, 13, 17] .
• The scintillation anisotropy has been shown to vary in magnitude and behavior across materials, where behavior includes the relationship between the light output and pulse shape anisotropies [8, 10, 13, 18] .
• The effect is not due to channeling or anisotropy in dE/dx [12, 13] .
• No anisotropy is present for electron recoil events generated by gamma-ray interactions, as noted in [7, 13] . A previous paper by the authors demonstrated experimentally that no anisotropy is observed for electron recoils and muon interactions, supporting the hypothesis that a high dE/dx is required to produce the effect [17] .
• Further work by the authors presented measurements of the effect in stilbene and demonstrated that the scintillation anisotropy is approximately uniform across multiple crystals with different shapes and growth methods, indicating that the effect does not depend heavily on crystal quality or bulk crystal geometry [19] .
• The authors also confirmed by measurements that no anisotropy is observed in amorphous liquid or plastic materials [19] , demonstrating that the effect is in fact due to crystal structure, and not due to variations in light collection efficiency or an external effect on the detector system. For users who wish to use organic crystal scintillators as radiation detectors, the scintillation anisotropy may add a new challenge, as it introduces significant variation in the light output and pulse shapes of events at different crystal axes directions. Alternately, the scintillation anisotropy may present an opportunity to employ these materials as directional detectors, as investigated by Brubaker and Steele [18] , or to detect WIMP dark matter [15, 20] . Additionally, the scintillation anisotropy is a function of many poorly characterized physical processes in these materials and further investigating the effect may provide greater insight on those processes. This paper contributes to the body of knowledge surrounding the anisotropy in three major ways:
First, by measuring the effect in five single crystal materials with the same measurement system, allowing for consistent characterization of the effect. While the effect has been measured in several materials by numerous authors [8, 10, 11, 12, 13, 18] , inconsistencies in the measurement systems and analysis techniques limit comparisons between each author's work.
Second, the anisotropy characterization includes measurements at more than 70 proton recoil directions across a hemisphere in each material. This extends previous authors' work that was often limited to measurements only at the presumed maximum and minimum directions.
Third, by measuring the anisotropies of the prompt and delayed light components separately. These components roughly correspond to the behavior of the initial populations of singlet and triplet excitations, respectively. In most previously published measurements of this effect, the scintillation anisotropy is measured with respect to the total amount of light emitted, often referred to as the light output, and the time distribution of light emitted, often expressed as a one-dimensional pulse shape parameter. While these are both useful quantities, they do not isolate the behavior of the initial singlet and triplet excitation populations.
These measurements will be analyzed quantitatively, qualitatively, and with respect to the crystal structures in order to determine whether there is a relationship between a crystalline material's scintillation anisotropy and its crystal structure.
II. MATERIALS AND EXPERIMENTAL SETUP

A. Crystal material preparation
This paper reports measurements on five pure crystalline organic scintillator materials: anthracene, trans-stilbene, pterphenyl, bibenzyl, and diphenylacetylene (DPAC). The anthracene sample was the same one measured in [17] and is an older sample with considerable wear. The p-terphenyl sample was of approximately the same quality and also has unknown history. Both of these samples have been polished many times and were produced by the melt-growth technique. The stilbene (Cubic B from [19] ), bibenzyl, and DPAC samples were provided by Lawrence Livermore National Laboratory and were grown with a solution-growth method. These samples were all very high quality with few imperfections on the surface. The comparison of the anisotropy effect across all samples will not attempt to account for the differences in quality among these samples as it was demonstrated in previous work that stilbene samples of different sizes and growth methods produced approximately the same scintillation anisotropy in magnitude and behavior [19] . Characteristics of the five crystals reported in this paper are provided in Table I .
Each crystal was polished and wrapped in several layers of teflon tape to improve light collection. In some cases, a layer of electrical tape was wrapped around the teflon tape for easier handling. The crystals were then mounted on the face of a 60 mm Hamamatsu H1949-50 photomultiplier tube (PMT) assembly using V-788 optical grease. Each crystal was positioned against a straight plastic guide to prevent the crystal from moving during the assembly, as shown for the stilbene crystal in Fig. 1 . A black plastic cap was placed over the crystal and PMT and then wrapped with several layers of black tape to block external light. The high voltage was adjusted separately for each detector in order to best use the dynamic range of the digitizer. 
B. Rotational measurement system
For the measurements presented here, a Thermo Scientific MP320 neutron generator was used to produce roughly monoenergetic neutrons with E n = 14.1 MeV (via the DT reaction) and E n = 2.5 MeV (via the DD reaction). In order to measure the light emission in response to proton recoil events at known energies and directions in the crystal axes, only full-energy interactions are used. In these interactions, a neutron deposits its full energy onto the proton and the proton recoil travels in the forward direction. In each measurement, the orientation between the detector and neutron generator was fixed so that one proton recoil direction could be characterized. For each crystal, measurements were taken at many angles in order to characterize the response to many proton recoil directions in the crystal axes.
The detectors were mounted to a motor-driven rotational stage, which allowed for measurements of up to four detectors at a time and automated positioning at fixed angles. Multiple sets of measurements were performed in order to characterize the five pure crystalline materials studied in this work. Fig. 2 shows four detectors assembled on the stage. This stage has two axes of rotation and can position each of the four detectors at any angle in 4π. In this work, only 2π of angles were measured in each crystal due to crystal symmetry.
The anisotropy effect in the light output, pulse shape, prompt light, and delayed light will each be visualized using a two-dimensional distribution that collapses the hemisphere of measured proton recoil directions onto a flat surface. Fig. 3 shows the technique for visualizing three-dimensional vector directions as points on a two-dimensional distribution. The directions labeled a, b, and c correspond to known crystal axis directions in the stilbene sample. The axes for visualization were oriented such that the a, b, and c axes, which correspond to qualitative features in the anisotropy, are on the interior of the two-dimensional plot. The stilbene sample is the only crystal in which the crystal axis directions were known. In each other crystal, an arbitrary set of axes was established and oriented such that the features in each expected light output distribution were in approximately the same location as in stilbene for easy comparison across materials. 
III. ANALYSIS METHODS
A. Basic pulse processing
Pulses are recorded by a Struck SIS3350 500 MHz digitizer with 384 samples per pulse. Raw pulses are recorded and then baseline-subtracted using an average of 85 samples. Fig. 4 shows a baseline-subtracted pulse, where x i is the amplitude of each sample measured in digitizer channel units. For each pulse, the total light output L is calculated by Eq. (1). The light output to keV energy equivalent (keVee) conversion is performed by calibrating with a 137 Cs or 22 Na gamma-ray source. This calibration provides a rough scale of light output (in keVee) but is not exact, as the calibration was often performed in a region on the lower end of the digitizer's dynamic range and then applied to events in a higher region of the dynamic range. A pulse shape parameter S is calculated by Eq. (2). This pulse shape parameter S is often referred to as the "tail-to-total" value and provides a measurement of the time distribution of the light emission. The "tail" region may be considered the delayed light emission, and the "total" region is the sum of what can be considered the prompt and delayed emissions, as labeled in Fig. 4 .
The prompt and delayed time regions are defined by boundaries ∆ 1 and ∆ 2 steps after i p , the sub-sample position at which the amplitude of the pulse exceeds 50% of its maximum value. The ∆ values for each material are shown in Table II . These ∆ values were optimized for maximal separation between the neutron and gamma-ray regions in a distribution of L vs. S values measured for the mixed field of radiation produced by a DT neutron generator.
B. Light emission characterization
Four quantities are calculated to characterize the light emission produced by proton recoil events with known energy and direction within the arbitrarily established set of axes. These areL,Ŝ,P , andD: the expected values of total light, pulse shape parameter, prompt light, and delayed light, respectively. L andŜ correspond to the x-and y-coordinates of the endpoint of the upper neutron band in the two-dimensional distribution of L vs. S, shown for one anthracene dataset in Fig. 5 (a) . L andŜ are calculated from this distribution as follows; the process is repeated for each dataset corresponding to different proton recoil directions in each material.
First, neutron events are identified as those events with S above the curved red n-γ cutoff line and L above a light output threshold (3000 keVee for 14.1 MeV measurements and 300 keVee for 2.5 MeV measurements). These light output thresholds were set high enough to have good pulse shape separation between the neutron and gamma-ray regions and exclude lower energy contributions such as environmental scatter and signal from carbon recoils. A light output spectrum from the neutron events is produced, as shown in Fig. 5 (b) . L and its statistical uncertainty are produced by applying the following fit function:
Eq. (3) models a negatively sloped line with a hard cutoff convolved with a Gaussian resolution function, whereL is the expected light output from a full-energy interaction and σ is the detector resolution. The resolution σ was a floating fit parameter for all materials except DPAC. σ was fixed for DPAC in order to ensure consistent fitting despite its poor resolution.
Neutron events with light output in the rangeL ± σ are considered full-energy proton recoil events. This widens the angular selection window by approximately 15 o around the forward direction.
S and its statistical uncertainty are calculated as the centroid position of a Gaussian curve fit to the pulse shape distribution of full-energy proton recoil events as shown in Fig. 5 (c) . These events fall within the two vertical dashed lines in Fig. 5 (a) .
The expected prompt and delayed light components are calculated fromL andŜ as shown in Eqns. 4 and 5. These values provide an approximation of the prompt and delayed light by considering everything in the tail region to be delayed light and everything before the delayed region to be prompt light. The samples before the tail region and after the total region, which were included in the calculation ofL, were confirmed to have minimal impact on the calculations ofP andD. Statistical uncertainties inP andD are propagated from the statistical uncertainties inL andŜ.
This paper expands on previous measurements by the authors in which only the distributions ofL andŜ were presented [17, 19] by including the distributions of the expected prompt and delayed light components.P andD are indicative of the separate behavior of singlet and triplet states, respectively. WhileŜ provides a measurement of their comparative behavior andL a measurement of their combined behavior, P andD provide more detailed information about how the prompt and delayed light emission changes on a fundamental level, as will be discussed in Sec. V. 
IV. RESULTS
The scintillation anisotropy measurements are shown in Figs. 6 through 12. Each figure displays the directional distribution of (a)L, (b)Ŝ, (c)P , and (d)D. The black points indicate the discrete proton recoil directions at which measurements were taken, and the gradient represents a smooth interpolation between those measurements. The colorbar shows the range of values in each distribution with a vertical capped line showing the average statistical uncertainty. The coordinate system is described in Sec. II-B.
The arbitrary axes for each crystal have been oriented such that the maximum, minimum, and saddle point features in theL distribution are in approximately the same positions. This allows for a quick visual comparison of the relationship between the anisotropies ofL,Ŝ,P , andD across materials. A discussion of these relationships follows in Sec. IV-A.
The magnitude of each anisotropy measurement is expressed as the ratio of the maximum to minimum value in each distribution. For example, AL =L max /L min . Table III shows the magnitude of the anisotropies forL,Ŝ,P , andD for all measurements. A discussion of these quantitative results follows in Sec. IV-B.
A. Qualitative
The behavior of the anisotropy effect can be analyzed in terms of the relationship between theL,Ŝ,P , andD distributions. This relationship will be discussed for all measured materials.
First, Figs. 6 and 7 show the scintillation anisotropy in anthracene for 14.1 MeV and 2.5 MeV proton recoils, respectively. In both measurements, the positions of the maximum, minimum, and saddle point features in theL andP distributions align, indicating that the prompt scintillation anisotropy dominates the total scintillation anisotropy. At 14.1 MeV, thê S andD distributions align in their features, indicating that the delayed scintillation anisotropy dominates the pulse shape anisotropy. Interestingly, the position of minimum delayed light moves from approximately (θ = 60
• , φ = 210
• , φ = 330
• ) between 14.1 MeV and 2.5 MeV. Additionally, while the maximumD direction is the same between 14.1 MeV and 2.5 MeV, the maximalD feature appears more like a band at 14.1 MeV and more like a localized region at 2.5 MeV. This indicates that the delayed light emission properties may change when the proton recoil crosses a critical energy above or below which the kinetic processes differ significantly. This possibility is also discussed based on quantitative observations in Sec. IV-B.
Among the four quantities,P andD provide the most fundamental basis to consider, both because they are experimentally independent quantities and because they correspond more closely to distinct physical phenomena, namely the behavior of singlet and triplet excitations. In anthracene, these measurements demonstrate that the maximum and minimum positions ofP andD are not aligned, and thusP andD are labeled "out of sync" in anthracene.
Next, Figs. 8 and 9 show the scintillation anisotropy in stilbene for 14.1 MeV and 2.5 MeV proton recoils, respectively. In both measurements, the positions of the maximum, minimum, and saddle point are aligned for all four metrics. Thus, the behaviors ofP andD in stilbene at 14.1 MeV and 2.5 MeV are "in sync."
Continuing on, Fig. 10 shows measurements for 14.1 MeV proton recoils on p-terphenyl. Similar to anthracene,P andD are out of sync. Also similar to anthracene, the behavior ofL follows that ofP , and the behavior ofŜ follows that ofD. Thus, it appears that the total light anisotropy is dominated by the prompt light anisotropy, and the pulse shape anisotropy is dominated by the delayed light anisotropy.
Finally, Figs. 11 and 12 show measurements of 14.1 MeV proton recoils on bibenzyl and diphenylacetylene (DPAC), respectively. Both of these materials' effects follow that of stilbene in that the prompt and delayed light components' behaviors are in sync. Interestingly, the pulse shape anisotropies in these materials both differ from the behavior ofL,P , and D. These measurements show that the pulse shape anisotropy can be misleading in understanding how the light emission changes with angle. Previously, when these results were interpreted only in terms ofL andŜ, it appeared that bibenzyl and DPAC had significantly unusual behavior in their scintillation anisotropies because theŜ behavior was so different than that ofL. Now it can be seen that, more fundamentally, the relationships betweenP andD are in sync, so the features inŜ reflect differences in the contours ofP andD, not the maximal or minimal directions forP andD. Thus, the results from bibenzyl and DPAC provide examples of why it is important to analyzeP andD in addition toL andŜ.
To conclude the qualitative observations of the behavior of the scintillation anisotropy, these results demonstrate that the total light outputL has the same behavior as the prompt light emissionP in all materials, while the behavior ofŜ andD may vary. In anthracene and p-terphenyl,P andD are out of sync. In stilbene, bibenzyl, and diphenylacetylene,P andD are in sync. These relationships will be discussed in terms of the crystal structures in Sec. V.
B. Quantitative
The anisotropy measurements can also be analyzed in terms of the magnitude of the effect, calculated as the ratio of maximum to minimum measurement, A, for each quantity. These values are shown in Table III .
There are several interesting conclusions that can be drawn from considering the A values in Table III . First, consider the dependence on proton recoil energy. Measurements on anthracene and stilbene were made at two energies: 14.1 MeV and 2.5 MeV. In both materials, AL is negatively correlated with energy, meaning that AL is smaller at the higher energy, while AŜ is positively correlated with energy. While this was already demonstrated in previous work, prior analyses do not provide insight on whether the changes are due to the prompt or delayed light components [17, 19] . The new analysis of the prompt and delayed components in this work adds new information. In both materials, the prompt anisotropy, AP , is negatively correlated with energy. Interestingly, the delayed light anisotropy, AD, is negatively correlated with energy in As discussed in Sec. IV-A, the direction of the minimum of the delayed light emission changes between 14.1 MeV and 2.5 MeV, while it is the same in stilbene at both energies. Additionally, AD changes significantly in magnitude from 1.502(9) at 14.1 MeV to 1.129(22) at 2.5 MeV. The measurement of AD at 14.1 MeV conflicts with prior authors' conclusions that the delayed light anisotropy is minimal in anthracene [11, 13] . Tsukada and Kikuchi measured a small AD at 3.7 MeV [11] , while Brooks and Jones did not measure AD directly but applied the conclusion in [11] to his measurements from 1 MeV to 22 MeV, attributing a large AŜ value to changes in the prompt emission, not the delayed emission [13] . The measurements presented in this paper demonstrate that AD is small at 2.5 MeV but very large at 14.1 MeV. The change in magnitude and behavior between 14.1 MeV vs. 3.7 and 2.5 MeV may indicate that the delayed light emission properties change significantly when the proton recoil crosses a critical energy somewhere between 14.1 MeV and 3.7 MeV.
Next, one can compare the magnitude of the anisotropy effect across all materials at 14.1 MeV. The total and prompt light anisotropies, AL and AP , are on approximately the same order across all materials. This, together with the observation in Sec. IV-A that the behavior ofL andP are always in sync, supports a theory thatP dominates the quantitative and qualitative effects inL, and that these effects are roughly uniform across all materials.
Lastly, the AŜ values reflect whether AP and AD are in or out of sync in each material. AŜ is much larger in anthracene than any other materials, partly because AD is much larger in anthracene, but also because the prompt and delayed distributions are out of sync, so AŜ amplifies their differences. AŜ in anthracene is approximately the product of AL and AD, not the ratio as it is in other materials. By comparison, bibenzyl, whose prompt and delayed emissions are in sync, has the smallest AŜ value despite having AL, AP , and AD values comparable to many other materials.
C. Systematic errors
The error bars in Table III and on the colorbars for Figs. 6 through 12 represent the statistical uncertainties due to counting statistics. Other systematic errors exist in the measurements that are not quantified. These include the following:
The scintillation response in organic scintillator materials has been shown to vary with temperature [17] , including the magnitude of the anisotropy AL [9] . Temperature effects are not expected to be significant for these measurements because the largest temperature change in any measurement was 2.1 o C. Additionally, distributions ofL,Ŝ,P , andD vs. temperature were all viewed and did not demonstrate any strong correlation, some of which were included in [16] .
While each measurement is made at a fixed angle between the neutron generator and the detector, there is some width to the range of proton recoil events selected. First, the incident neutron direction has a width of up to 1.2 o due to the size of the detector. Second, the selection of events within the light output rangeL ± σ widens the proton recoil range to approximately within 15 o of the forward direction. This means that the valuesL,Ŝ,P , andD are averages over a small cone of proton recoil directions. Thus, the A values in Table III are biased toward smaller values because measurements at the maximal and minimal directions include proton recoils within a small region around the "true" maximal and minimal light output directions.
V. INTERPRETATION
A. Basics of light emission
In order to understand why the scintillation anisotropy occurs in these crystals, one must first understand the fundamentals of light emission in organic scintillator materials. A brief description follows; more thorough descriptions can be found in [21, 22, 23] .
Some of the energy deposited by radiation in an organic crystal will produce molecular excitations of the π-molecular orbitals, often given particle-like status and referred to as "excitons." On a very short time scale, these excitations relax from higher states into the first electronic excited singlet state, S 1 , or triplet state, T 1 . Ground state molecules are in a singlet ground state, S 0 . Fig. 13 shows these states on a simplified Jablonski diagram, which organizes excited states vertically by excitation energy and horizontally by multiplicity. These π-orbital excitations are responsible for light emission and are, therefore, important to understanding the scintillation anisotropy effect.
Many kinetic processes are available to these excitations. Five processes that are especially important to understanding the anisotropy effect will be discussed here. The first process is fluorescence, during which a singlet excitation decays to ground state and emits a photon, as represented by the red arrow in Fig. 13 . This process occurs rapidly, on the nanosecond time scale. The fluorescence of the singlet excitations from the initial population is often referred to as the "prompt" light emission. This contribution to the scintillation is illustrated as the solid red line in Fig. 14 . The second process is phosphorescence, during which a triplet excitation decays to ground state and emits a photon. This process is spin-forbidden, and, as a result, has a much longer time scale of µs to ms. This process occurs much slower than the time scale of our measurements, and thus phosphorescence is not observed in any significant amount in our measurements. The contribution from phosphorescent emissions is illustrated as the dot-dashed blue line in Fig. 14, but one may proceed as if it does not occur due to its small contribution compared to other processes.
The third and fourth processes require interactions between two excitations. The third process is singlet ionization quenching (SIQ) [21] , in which two singlet states interact as follows:
After the interaction, one of the original singlet excitations may be promoted to a higher-order excitation level. It will then relax to S 1 , and may then de-excite by fluorescence. The other original singlet excitation is left in ground state. The term "quench" means any loss of light from the system and is applied here because only one photon is produced from two excitations. Thus, this process decreases the amount of prompt light produced by the original singlet population when the spatial density of singlet excitations, ρ S , is higher, as indicated by the reduction in the prompt light in Fig. 14 .
The fourth process is called triplet-triplet annihilation (TTA) [24] . In this process, two triplets annihilate with one another as follows:
The S 1 excitation may then emit light via fluorescence. This process provides a mechanism for triplet excitation energy to be observed as fluorescence on a shorter time scale than phosphorescence. This time scale is generally longer than the prompt singlet fluorescence, and light emitted following TTA is thus referred to as the "delayed" light emission. Since the process requires an interaction between excitations, the time scale on which that delayed light is produced depends on the rate at which triplet states meet, governed by their spatial density, ρ T , and mobilities. The arrow on the right side of Fig. 14 shows how the delayed light increases due to increased TTA when the triplet density, ρ T , is higher.
A fifth process that participates is excitation transport. Transport changes the excitation density over the lifetime of the excitations, and therefore changes the rates of SIQ and TTA. The effects of exciton transport in the anisotropy will be discussed more in Sec. V-B.
B. Hypothesis behind scintillation anisotropy effect
The total amount of light emitted and its time distribution depend on the relative amounts of the kinetic processes described in Sec. V-A. Since each excitation has multiple kinetic processes available to it, there is competition between them. Because the rates of SIQ and TTA depend on the distance between the two excitations that will participate in the process, the relative rates of kinetic processes will vary as the density of excited states changes. This explains why the pulse shapes produced by neutron and gamma-ray interactions differ: Neutrons produce a proton recoil which deposits energy with a higher dE/dx than the electron recoil produced by the gamma-ray interaction. Thus, neutrons populate a higher density of excitations, which leads to more SIQ and TTA. This results in an event with less prompt light and more delayed light, which is measured as a higher "tail-to-total" value in the common charge integration pulse shape discrimination method [25, 26] .
The scintillation anisotropy is believed to be due to a number of kinetic processes that are directionally dependent for excitation distributions within a crystalline material [12, 13] . Any kinetic process that involves interactions between excitations may have a preferred interaction orientation based on the physical mechanism by which the interaction occurs.
In crystalline materials, the molecules have a fixed, repeating pattern in their orientation and distance to each neighbor. This structure means that several kinetic processes may have preferred directions for interaction within the crystal axes. These include three discussed in Sec. V-A: SIQ, TTA, and excitation transport.
If one simply considers the directionality in excitation transport, it is possible to explain how anisotropy can exist on an elementary level. Fig. 15 shows an illustration of excitation transport within a two-dimensional lattice with directions of easy and difficult transport. In Fig. 15 (a) , excitations are deposited along an axis with easy excitation transport, and the excitations move within the region of their initial distribution over time so that the density of excitations remains high. In Fig. 15 (b) , excitations are deposited along a direction with difficult transport, so excitations move away from their initial distribution over time, producing a lower excitation density. Fig. 15 illustrates a scenario in which all excitations have the same directions of preferred transport. In this case, higher densities of singlet and triplet populations will occur in the same directions, soP andD are out of sync as higher rates of SIQ and TTA occur together. It is possible, however, that singlet and triplet excitations could have different directions of preferred transport. Fig. 16 illustrates such a scenario in which the excitations are populated along a direction with easier transport for triplets but more difficult transport for singlets. After some time passes, the triplets move within their initial distribution while the singlets move away from their initial distribution. This would produce higher rates of TTA and lower rates of SIQ than interactions at other directions, leading to more delayed light and more prompt light, so that P andD are in sync.
In the two-dimensional space shown in Figs. 15 and 16 , the directions of maximum and minimum prompt and delayed light were paired either as in sync, whereP max andD max are in the same direction andP min andD min are in the same direction, or as out of sync, whereP max andD min are in the same direction andP min andD max are in the same direction. In p-terphenyl, however,P min andD min are in the same direction, butP max andD max are in different directions. This is possible because there are three crystal axes directions, and singlets and triplets will each have directions of easiest, moderate, and most difficult transport, so the maximal direction of one may correspond to the moderate direction of another. In fact, these three directions need not line up perfectly between singlets and triplets, as observed in anthracene, whose saddle point feature inP is about 30 o off from that the maximal feature inD. In addition to preferred directions of excitation transport, there may be preferred directions for SIQ and TTA. Some previous authors have attributed the scintillation anisotropy entirely to preferred directions of transport [7, 13] , but we can not rule out preferred directions of SIQ and TTA interactions, as suggested in [11] .
The interactive kinetic processes are only directionally dependent on a bulk level in a crystalline material where the molecules follow orderly arrangement, which explains why no anisotropy is observed in amorphous plastic and liquid materials [19] . No anisotropy was observed for electron recoils easier transport easier transport easier transport after some transport initial distribution after some transport initial distribution easier transport (a) (b) Fig. 15 . Illustration of excitation transport over time when excitations are populated by a proton recoil p along crystal axes with (a) easy transport or (b) difficult transport. In each, the left cartoon illustrates the initial excitation distribution and the right cartoon illustrates the distribution after some time has passed and excitation transport has occurred. In (a), the density of excitations remains high over time as the excitations move within their initial spatial distribution, while in (b), the density of excitations drops off over time as excitations move away from their initial spatial distribution. In (a), one would observe higher rates of SIQ and TTA over time, leading to a lowerP and a higherD.
produced by gamma-ray interactions or for muon interactions, both of which interact with low dE/dx [17] . This indicates that the changes in excitation densities are only significant if the overall excitation density is already high, as produced by high dE/dx interactions by heavy charged particles such as a proton recoil or alpha particle.
C. Relationship to crystal structure
The hypothesis presented in Sec. V-B states that the anisotropy is produced by preferred directions of kinetic process(es), which may include excitation transport, SIQ, or TTA, within the crystal axes. These directional dependencies in the kinetic processes are due in large part to the molecular and crystal structure of each organic crystal, namely the spacing and relative orientation between molecules along each direction. In order to pursue understanding of what physical properties dictate the preferred directions, a few properties will be considered that are correlated with the relationship between P andD.
The first property to consider is the crystal structure of these materials. Fig. 17 shows the crystal structures for all five materials measured in this paper. Fig. 17 (a) shows the three materials that presented an in sync relationship between the prompt and delayed light anisotropies: diphenylacetylene, stilbene, and bibenzyl. These materials all can be described as having herringbone crystal structure. Fig. 17 (b) shows the two materials that presented an out of sync relationship between the prompt and delayed light anisotropies: anthracene and pterphenyl. These two materials both have a π-stacked crystal structure. This is the first time that the behavior of the effect has been correlated to the crystal structure. This observation strongly supports the theory that the crystal structure dictates the behavior of the effect. The hypothesis presented in Sec. V-B is consistent with the hypothesis that the preferred directions of excitation transport for singlets and triplets are approximately the same in the π-stacked structures, makingP andD out of sync, and different in the herringbone structures, makingP andD in sync. This introduces the question of what structural property dictates the directions of preferred singlet and triplet transport and interactions. Considering excitation transport alone, the preferred direction of singlet transport depends on a dipole-dipole interaction, while the preferred direction of triplet transport depends on π-orbital overlap [28] . Both of these depend on the crystal and molecular structure, and may or may not be highest along the same crystal axes. Previous authors have also indicated that the electrical conductivity may play an important role [10] .
Considering the properties shown in Table I , three other collective properties emerge that are correlated with the behavior. First, the two materials with out of syncP andD, anthracene and p-terphenyl, were larger in size than the other materials. The size of each crystal is not expected to be the reason why the effect behaves differently in these materials, as previous work showed that the scintillation anisotropy in stilbene was approximately uniform across several samples of different sizes and shapes [19] . Second, these two materials were grown easier transport for triplets easier transport for triplets after some transport initial distribution Fig. 16 . Illustration of excitation transport over time when excitations are populated by a proton recoil p along a crystal axes with easy triplet (filled) transport and difficult singlet (open) transport. After some transport has occurred, the triplet excitation density remains high while the singlet density has dropped, leading to higher rates of TTA and lower rates of SIQ. This may lead toP andD being in sync. with melt-growth techniques, while the others were grown with solution processing. While it has been demonstrated that PSD performance can be significantly degraded in melt-grown crystals [1] , previous anisotropy measurements demonstrated that the anisotropy effect is roughly the same between meltgrown and solution-grown stilbene [19] . Thus, the effect of imperfections in the crystal structure that result in melt-grown crystals on the anisotropy effect does not appear to be strong. Third, these two materials have higher densities than the other three. While this is also not expected to be responsible for the anisotropy behavior, this may be a correlated physical property that results from the tighter π-stacked crystal structures.
VI. SUMMARY
This paper contributes new measurements and information on the scintillation anisotropy in organic crystal scintillators, making progress toward understanding the physical mechanisms that govern the effect.
This paper presented experimental characterizations of the scintillation anisotropy in five pure organic crystal scintillators. A full hemisphere of angles were characterized at 14.1 MeV and 2.5 MeV in anthracene and stilbene and at 14.1 MeV in p-terphenyl, bibenzyl, and diphenylacetylene. These measurements demonstrate that the magnitude and behavior of the scintillation anisotropy varies across materials and is correlated with crystal structure. The effect is consistent with directionally-dependent kinetic processes for the π-molecular excitations including singlet ionization quenching, triplettriplet annihilation, and excitation transport.
Opportunities exist to continue this investigation, starting with continued measurements of radiation interactions. One could measure the scintillation anisotropy in additional pure crystalline materials and see whether the correlations to crystal structure are consistent with those presented in this paper. Also, one could measure the effect at additional energies to investigate the interesting relationship to proton recoil energy. The dependence on molecular and crystal structure is likely not straight forward, but experimental or quantitative methods may exist for calculating the preferred directions of singlet and triplet transport. It may be possible to determine the direction of preferred singlet transport, a longer range interaction, by measuring the photoconductivity across a bulk material in different directions. Triplet transport, a shorter range interaction, depends more on the local crystal and electronic structure of a molecule. Optical measurement techniques exist for measuring the directional diffusion length of triplet excitations, such as that used by Akselrod et al. on tetracene [28] . Also, computational methods such as density functional theory (DFT) may be useful in calculating the directional transport likelihood for triplet excitations.
